Materials based on BiMO 3 -modified BaTiO 3 have been shown to exhibit a number of attractive electrical and electromechanical properties. In addition, many of the materials in this broad family exhibit reduced sintering temperatures for densification as compared to pure BaTiO 3 . We report here a study of the phase evolution and sintering behavior of Bi(Zn 1/2 Ti 1/2 )O 3 -modified BaTiO 3 materials from low-cost mixed oxide/carbonate precursor powders. By accelerating the reaction of the BaCO 3 species and increasing the diffusion kinetics associated with densification, Bi(Zn 1/2 Ti 1/2 )O 3 additions reduce the calcination and sintering temperatures by ³200°C compared to unmodified BaTiO 3 . This system provides an example of the important and often overlooked role of additives in the calcination, phase evolution, and densification processes, and provides insight into mechanisms that may be further exploited in this and other important materials systems. We are quite honored to have the opportunity to publish in a special issue dedicated to the life and work of our dear late colleague Prof. Marija Kosec. The topic of this paper is fitting as well, since the work was in large part directly inspired by her work on the importance of reactions and intermediate phases in the alkali niobate systems 1)4) and heavily informed by her work on the Pb-based perovskites. 5),6) Marija appreciated better than most the importance of careful processing in the formation of fine ceramics, and the global ceramics community is grateful to her for all of the lessons that she taught us®and through her papers and her students, continues to teach us.
Introduction
Modifications to BaTiO 3 with BiMO 3 -type perovskite end members, where M represents any number of single or chargebalancing pairs of transition metals such as Fe, Sc, In, Zn + Ti, Mg + Ti, and others, have received increasing attention in recent years in efforts to find replacements for Pb-containing materials, particularly for applications requiring high-operating temperatures. BaTiO 3 itself is the prototype ferroelectric, exhibiting large permittivity (¾ r > 1000), reasonably large and easily switchable spontaneous polarization, and high mechanical quality factor. Much of the incredible success of the multilayer ceramic capacitor (MLCC) industry has been directly related to the ability to tailor the dielectric properties of BaTiO 3 -based materials through extensive chemical modifications designed to broaden the phase transitions across applicationrelevant temperature ranges, improve the temperature stability of dielectric properties, and compensate for processing atmosphere induced point defects.
Currently, application drivers are pushing for higher operating temperature capabilities while environmental policies increasingly limit the use of Pb-containing materials. Thus, finding ways to increase the maximum operating temperature of BaTiO 3 -based materials has become an important area of research. Perovskites with Bi-additives have been studied nearly as long as BaTiO 3 itself 7), 8) and in fact, Bi-containing additives were part of the trade secrets of high voltage ceramic capacitors developed in the 1970s.
However, the pioneering work of Eitel et al. was the first study that systematically investigated a variety of BiMO 3 perovskite end member systems with the goal of increasing operating temperature capabilities. 9) Since then, a number of studies 10) 15) have demonstrated the impressive properties, both electrical and electromechanical, that can be obtained from this family of materials, often without any additional compensatory doping and/ or process optimization. One of the more intriguing aspects of these systems (and one that is often noted in casual conversations among researchers working on these materials, but not often reported in modern literature) is how resilient they appear to be to relatively large changes in processing parameters that would, in many other electroceramic systems, result in dramatic changes in electrical properties. Confirmation of this resiliency comes from inspection of the widely varying processing parameters with similar resulting relaxor behavior reported by multiple groups across the world working with, in particular, Bi(Zn 0.5 Ti 0.5 )O 3 or Bi(Mg 0.5 Ti 0.5 )O 3 modified BaTiO 3 . While the near-ambient properties are indeed similar for Bi and Zn (or Mg) doped BaTiO 3 , the dielectric behavior above 250°C appears to be highly processing and chemistry sensitive. Insensitivity to processing conditions is attractive from a manufacturing standpoint because of relaxed process-control requirements, but understanding the underlying mechanism(s) is critical to optimize the performance, particularly at high temperatures, through a mechanistic understanding of phase and microstructure evolution.
It is well known from both bulk polycrystalline and thin film studies that the stability of BaCO 3 (and related oxycarbonate derivatives) is critical during the processing of BaTiO 3 -based materials in air. 16)18) In addition, during the synthesis of Bi-based perovskites, a number of intermediate or secondary phases have been observed, often exhibiting a pyrochlore or fluorite structure. The pyrochlore structure, generically represented as A 2 B 2 O 7 , is extremely tolerant to substitution on both the A and B cation sites as well as to vacancies on any or all of the sites. In the Pbbased analogues, pyrochlore phases can either be unavoidable but manageable transient intermediate phases 19)21) or deep thermodynamic minima from which the perovskite phase cannot be recovered through thermal means alone. 22 Huang et al. studied the solubility limit and dielectric properties of this binary solid solution. 12) They observed that the solubility limit of BTBZT was approximately ³34% BZT as determined by ex situ powder diffraction. The phase transition associated with the BaTiO 3 Curie temperature (T C ) was also shown to decrease in temperature and sharpness with increasing BZT additions up to ³10%. 12),13) Materials with >10% BZT substitution exhibited relaxor behavior with broad, frequencydependent maxima in both relative permittivity and loss, a slim Polarization vs. Electric Field response, and large field-stable permittivity values which can exceed 1000 even under electric fields exceeding 100 kV/cm. Very similar phase stability and electrical properties have been reported for BT-BMT ceramics. 31) 
Experimental methods
In this study, solid solutions of 0.80BT0.20BZT, 0.85BT 0.15BZT, and pure BT were prepared by a conventional solid-state method. Commercially available powders of Bi 2 O 3 (²99.9%), ZnO (²99.9%), TiO 2 (²99%), and BaCO 3 (²99.8%) were used as starting materials. The powders were subjected to X-ray diffraction (XRD), weighed in the appropriate stoichiometric amounts, mixed in 100% ethanol, vibratory or ball milled with yttriumstabilized zirconia media for 6 h, and then dried in 75°C ovens. Some powders were separated at this point for in situ diffraction experiments; the rest of the powders were calcined in covered crucibles followed by additional milling and drying.
Two different XRD techniques were used to track phase evolution of the bismuth and zinc doped dielectric powders. Diffraction patterns of the 0.85BT0.15BZT and BT specimens were collected at room temperature using a Bruker-AXS D8. In situ high temperature XRD experiments were performed using a Scintag PAD X diffractometer (Thermo Electron Inc.; Waltham, MA). This diffractometer was equipped with a sealed-tube source (Cu K¡, = 0.15406 nm), an incident-beam mirror optic, a peltier-cooled Ge solid-state detector, and a Buehler hot-stage with Pt/Rh heating strip and surround heater. Scintag instrument power settings were 40 kV and 30 mA, and fixed slits were employed. Temperature calibration was performed using thermal expansion behavior of known materials (e.g., alumina) and calibrated to «5°C. Samples were heated in a static air environment atop Pt foil on an Al 2 O 3 setter using a 20°C/min ramp rate to the desired analysis temperature. Diffraction patterns were collected over a scan range of 2060°2ª at a step-size of 0.05°2ª and a count time of 3 s. Typical collection time for each scan was ³40 min.
Powders calcined to 900°C (BTBZT) or 1100°C (BT) and found to be phase-pure were mixed with 3 wt % polyvinyl butyral binder and consolidated into discs under 150 MPa uniaxial pressure. The green pellets were heated to 400°C for 3 h in a covered Al 2 O 3 crucible for binder burnout, and then ramped at 3°C/min to a sintering temperature between 5001400°C with a 2 h hold time at and a cooling rate of 5°C/min. The radial shrinkage of each pellet was measured after sintering. Pellets for dilatometer measurements were consolidated under 100 MPa uniaxial pressure and then pressed to 350 MPa under isostatic pressure. These green pellets underwent binder burnout and 10°C/min sintering in a dilatometer using Al 2 O 3 push rods. All processing and characterization steps were carried out in air.
Results and discussion
As a baseline for comparison, XRD patterns of BT powders after cooling from different calcination temperatures are illustrated in Fig. 1 . At a calcination temperature as low as 500°C, as shown in Fig. 1(a) , the XRD data of the calcined powders showed no changes compared to the XRD pattern of the reagent powders, which is not shown here. Only BaCO 3 (B) and TiO 2 (T) peaks were observed which matched JCPDS file numbers 00-045-1471 and 00-021-1272, respectively. The perovskite BaTiO 3 phase (*) initially appeared after calcination at 600°C, with the dominant reflection attributed to the (110) peak at 2ª³31.5°. The progression of the calcination reactions with increasing calcination temperature is evidenced by the gradual decrease of intensity of the BaCO 3 (B) and TiO 2 (T) reflections as intensities of the BT (*) reflections increased. After calcination at 950°C, the reflections from the BaCO 3 (B) and TiO 2 (T) phases could not be seen in the XRD data.
There have been prior reports of the co-existence of a Ba 2 TiO 4 phase 33),34) as a secondary phase in the formation of BT. This phase can be seen in the data in Fig. 1(a) from the peak at 2ª³28.5°over temperature range of 700950°C. However, it is clearly seen in Fig. 1(b) that multiple phases coexist (@) over this range in calcination temperatures. Therefore, a slow scan XRD at an increment of 0.001°and a scan speed of 0.5°per minute was carried out from 2ª = 23 to 33°in order to identify the multiple phases. Interestingly, a BaTi 2 O 5 phase (X), matched with JCPDS file number 00-034-0133, was initially observed at calcination temperatures between 700800°C, as shown in Fig. 1(c) . As the temperature increased, two polymorphs of the stoichiometry Ba 2 TiO 4 were observed over temperature range 750950°C. The first phase (W), which was seen between 750900°C, is matched with JCPDS file number 01-072-0135, and the second (M), matched with JCPDS file number 00-038-1481, was seen between 850950°C. Finally, the complete tetragonal perovskite phase of BT, matched with JCPDS file number 01-081-2204, was observed after cooling from a calcination temperature of 1100°C.
According to the XRD data, the reaction sequence of the phase formation in BT can be represented by two reactions as follows; For comparison to the phase evolution of pure BaTiO 3 , Fig. 2 shows the XRD patterns of 0.85BT0.15BZT powders after cooling from 2 h holds at various calcination temperatures. As with pure BT, the XRD data for the 500°C calcined powder showed no evidence of the onset of phase changes. The phases that existed at 500°C included BaCO 3 (B), Bi 2 O 3 (i), TiO 2 (T) and ZnO (Z) reagent phases which correspond to JCPDS file numbers 00-045-1471, 00-041-1449, 00-021-1272, and 00-036-1451, respectively. It should be noted that even though the ZnO peaks are not clearly visible in Fig. 2(a) due to low atomic number and relatively small volume fraction, the main peak (100) at 2ª³31.7°is visible upon closer inspection [ Fig. 2(b) ]. The perovskite phase (*), identified from the (110) reflection at 2ª³31.5°as shown in Fig. 2(a) , was first observed after calcination at 600°C, the same temperature at which it was first observed for pure BaTiO 3 . However, phase-pure BTBZT perovskite was obtained at a calcination temperature of 900°C, which is 200°C lower than for the case of pure BT. Fig. 2(a) ] were present. A slow scan XRD was investigated again from 2ª = 23 to 33°and the results are illustrated in Fig. 2(b) . After a low calcination temperature of 600°C, a pyrochlore phase Bi 4 Ti 3 O 12 (¤) (JCPDS file number 00-035-0795) and a weak unknown phase identified as (³) were observed in the data. Their peak intensities decreased as the calcination temperature increased, finally disappearing within the detection limits of XRD at temperatures of 700 and 800°C, respectively. Another pyrochlore phase with the stoichiometry Bi 1.74 Ti 2 O 6.624 (¡) was observed at 650°C. The volume fraction of the Bi 1.74 Ti 2 O 6.624 (¡) phase, as inferred from the intensity of the (311) peak at 2ª³28.6°, increased with an increase in the calcination temperature until it suddenly decreased after a calcination temperature of 850°C. By increasing the temperature further, the Bi 1.74 Ti 2 O 6.624 (¡) phase disappeared within the detection limits of XRD. In addition, an unexpected perovskite phase based on BaBiO 3 (£), with a strong peak at 2ª³29°was detected after calcination at 850°C.
To further investigate the curious phase evolution of the BT BZT materials, two additional studies were conducted. Focusing on the rather distinct differences observed between the sample calcined for 2 h at 800°C and the one calcined for 2 h at 850°C, powders of 0.85BT0.15BZT were calcined at a temperature of 850°C for various soaking times ranging from 30 min to 6 h. In addition, in situ diffraction studies were carried out during heating of 0.80BT0.20BZT powders from 25 to 850°C. Figure 3 illustrates the XRD patterns of mixed 0.85BT 0.15BZT powders following calcination at 850°C for various soaking times. Peaks that suggest residual precursor species (BaCO 3 , Bi 2 O 3 , and TiO 2 ) are clearly seen after 30 min at 850°C; their intensities gradually decrease with extended calcination times but persist even after 1.5 h at 850°C. Evidence of a pyrochlore phase Bi 1.74 Ti 2 O 6.624 (³30°2ª) was also clearly present in the early stages, but the intensity of this peak decreased as the calcination time increased, and its presence was no longer observed after calcination for 6 h. An alternate hypothesis for the peak at ³30°2ª is the persistence of Bi 2 O 3 in a chemically stabilized high temperature form (JCPDS 01-080-894). Pyrochlore formation would be consistent with the lead-based analogous compounds, and would indicate that the Bi 1.74 Ti 2 O 6.624 phase is an intermediate phase that reacts with the remaining precursors in order to form the resultant perovskite BTBZT solid solution.
A peak at ³26.7°appears early in the calcination studies at 850°C, but gradually disappears as BaBiO 3 appears with increased calcination times. This peak can be indexed as a (002) reflection from a BaCO 3 orthorhombic cell with ³1% tensile strain, but unambiguous identification is not possible from this data alone.
The phase fraction of BaBiO 3 , a perovskite that exhibits a mixture of Bi 3+ and Bi 5+ valence states, reached its maximum concentration after 2 h of calcination time but then decreased following longer calcination times. This BaBiO 3 supercell perovskite exhibits cell contraction that is likely due to Bi substitution on the Ba site and possibly even Zn occupancy on the Bi site. This phase was labeled BaBiO 3 (ss) in Fig. 3 to denote the strong possibility of a Bi-rich and Zn containing phase.
While these ex situ studies permitted laboratory measurement with excellent signal to noise resulting from high sampling statistics, they may not have captured actual phase evolution because unquenchable phases and reactions outside of the calcination process are unobservable at room temperature. Thus, complementary in situ diffraction data were also collected during heating of the mixed powders, and are shown in Fig. 4 . Many of the minor phases observed in the ex situ diffraction studies are not observed here because they formed during cooling of the ex situ samples or, presumably, because the reduced counting statistics in the in situ experimental conditions prevents them from being observed above the background. The overall phase evolution and progression, however, is consistent between the two data series. The precursor powders began to react somewhere around 500°C, apparently starting with the decomposition of Bi 2 O 3 and the formation of one or more bismuth titanate species (i.e., Bi 4 Ti 3 O 7 and/or Bi 1.74 Ti 2 O 6.624 ) before the BaCO 3 began to degrade above 700°C, the same temperature at which the BaCO 3 began to degrade in the pure BaTiO 3 system. In the BTBZT system, there was no evidence of the presence of BaCO 3 after 2 h of calcination at 900°C, while in pure BaTiO 3 , faint BaCO 3 peaks persisted until calcination at 950°C. More importantly, however, BTBZT samples were completely single phase to the resolution of our diffraction after calcination at 900°C for 2 h (or 850°C for 6 h) whereas pure BaTiO 3 required heating to at least 1100°C for 2 h for elimination of all detectable secondary phases. Formation of intermediate phases that are closely related to the perovskite structure (e.g., Bi 4 Ti 3 O 12 , BaBiO 3 ) presumably lowered the energy barrier for this final conversion, and may help to explain the reduced temperatures required to achieve single phase perovskite BZT-modified materials.
In addition to providing confirmation of the general phase evolution observed via the ex situ studies, these in situ measurements enabled the unambiguous identification of the peak at ³26.7°as a BaCO 3 (002) reflection. BaCO 3 undergoes a reversible phase transition from the low temperature orthorhombic (Pmcn) form to the high temperature rhombohedral (R3m) form around 811°C 35) which is associated with a 2.8% change in volume. Both this transition strain and the highly anisotropic thermal expansion (visible in Fig. 4) are concentrated along the c axis of the BaCO 3 unit cell. From the in situ data, it can be seen that the peak in the vicinity of 27°at 500°C is clearly the BaCO 3 (002) peak. We speculate that the reverse transformation (BaCO 3, rhombohedral to BaCO 3, orthorhombic ) is hindered during cooling for the powders used for ex situ measurements. It is also possible that any partially-reacted BaCO 3 species is mechanically strained after cooling due to interdiffusion during the formation of the other observed phases, all of which have significantly lower coefficients of thermal expansion than either BaCO 3 phase. Upon cooling from 850°C, one or both of these factors result in an orthorhombic BaCO 3 unit cell which is expanded by roughly 1% along the c axis, leading to a diffraction peak at 26.7°2ª, as seen in Fig. 3 .
Another important feature of these data is that the persistence of BaCO 3 promotes the formation of bismuth rich (relative to the target perovskite composition) compounds. These bismuth-rich intermediate compounds must thermally degrade in the presence of reactive barium compounds to produce the targeted terminal perovskite composition. The formation of phase-pure Bi-and Zn-co-doped BaTiO 3 is therefore a complex multistep reaction sequence. The aforementioned energy barriers that contribute to Bi-rich compounds appear to be strongly linked to the relatively slow decomposition of BaCO 3 . Keeping in mind that even materials that appear to be single phase via XRD may exhibit nonrandom cation distribution(s), it is also speculated that these intermediate phases may play a role microstructure development within sintered ceramics of these materials.
Analogous to the diffraction studies, densification of these materials was studied using two complementary approaches. Cylindrical pellets of BT and 0.85BT0.15BZT were sintered for 2 h at different temperatures, and their shrinkage following this treatment was monitored through geometric measurements. In addition, dilatometry experiments were carried out on BaTiO 3 and 0.80BT0.20BZT pellets for in situ monitoring of shrinkage during the sintering process. Data from these combined studies are summarized in Fig. 5 .
From the ex situ shrinkage measurements, it is clear that the addition of BZT into BT has the effect of lowering the sintering temperature by approximately 200 to 300°C. While the sintering temperature of BT is about 1400°C, 0.85BT0.15BZT samples reached full density at temperatures as low as 1100°C. The shapes of the shrinkage curves for both materials are very similar. It is interesting to note that the onset of sintering in the 0.85BT 0.15BZT composition occurred at 600°C. Given that the XRD data on the starting powder indicated phase pure pseudo-cubic perovskite, the low temperature shrinkage may be indicative of the influence of a glassy or poorly crystalline phase. From the in situ dilatometer data, it is similarly clear that the BTBZT sample densified at a significantly lower temperature than the pure BaTiO 3 , though the temperature difference is not quite as large as in the ex situ situation. While evidence of densification does start to appear in the dilatometer data as low as ³720°C, the densification rate remains low until >800°C. The additional lowtemperature shrinkage observed in the ex situ data with a 2 h hold may be indicative of a small amount of liquid phase-induced consolidation rather than extensive solid state diffusion.
Given the prevalence of intermediate phases in the BTBZT system, further studies were carried out to investigate the stability of the pseudo-cubic perovskite, once formed, at these intermediate temperatures. After the calcined BTBZT powders were found to be single phase, they were re-heated, both ex situ after consolidation into pellets (0.85BT0.15BZT) and in situ in powder form (0.80BT0.20BZT) to investigate the stability of the (pseudo)-cubic perovskite phase in the BTBZT system. Figure 6 illustrates the XRD patterns collected at room temperature of 0.85BT 0.15BZT pellets sintered at temperatures between 550900°C. No noticeable changes were observed in the diffraction patterns, even after extended annealing at temperatures corresponding to the presence of secondary phases observed during the calcination process. Moreover, lattice parameters of these samples, obtained using Cohen's method combined with a least squares method, are shown in Fig. 7 . A lack of any significant change in lattice parameter with sintering temperature also supports the stability of the cubic perovskite phase that was initially formed after calcination at 850°C for 6 h.
Fully calcined 0.80BT0.20BZT powders were also reheated in powder form on the diffractometer hot stage, and no further changes in structure or phase content were observed upon heating to 850°C, consistent with the ex situ studies. Collection of this temperature-dependent data also enabled tracking of the lattice parameter from 25 to 850°C, shown in Fig. 8 , which reveals a 
Conclusions
Intermediate phases strongly influence the phase development of BaTiO 3 -based materials formed from oxide and carbonate precursors. Additions of Bi(Zn 0.5 Ti 0.5 )O 3 , already known to produce ceramics with relaxor dielectric characteristic and attractive voltage-and temperature-stability of dielectric response, dramatically change the sequence and species of intermediate phases formed during calcination. The end result is that powders can be formed which are single phase by XRD at 850°C, more than 200°C lower than pure BaTiO 3 from the same starting powders.
In addition, densification of pellets formed from these powders began and completed ³200°C below comparable BaTiO 3 parts. 
